In this letter, we demonstrate that random Brownian forces can be used for effective trapping and manipulation of nanoparticles and molecules on surfaces in the presence of strong temperature modulation. Substantial (~ 2 orders of magnitude) increase in the modulation of particle concentration (trapping efficiency) compared to thermophoresis in a bulk medium is predicted and explained by a periodic potential of interaction between a particle/molecule and the crystalline surface. As a result, a new nanofabrication and manipulation technique for creating optically-induced complex surface structures with nano-scale resolution below tens of nanometers is proposed and developed.
Optical tools for manipulation and trapping of microscopic particles (optical tweezers) is one of the major areas of modern optics, and a multi-million dollar industry with extensive applications in medicine, life science, micro-machines, new sensors and measurement techniques, etc. [1] [2] [3] [4] [5] . However, optical manipulation of particles with dimensions below ~ 100 nm is difficult, because of dominating random Brownian forces [6] [7] [8] .
One of the possibilities to overcome this difficulty has been related to using light near resonance absorption [9] [10] [11] [12] . A substantial increase in the trapping gradient force has been predicted (~ 50-fold [9] and up to ~ 10000-fold [11, 12] ). This may certainly improve the situation with trapping and manipulation of nano-particles below ~ 100 nm diameter. However, the effect is highly sensitive to shape and structure of the particles [11] , and it requires specially tuned optical tweezers. While this may be a good technique for sorting particles [11, 12] , it is hardly appropriate for parallel nanofabrication with simultaneous manipulation of a large number of particles that may slightly differ in properties, size and shape. Resonant trapping occurs near a strong absorption line, which does not always exist in the convenient range of frequencies. Strong absorption is expected to result in significant heating effects and heat destruction of the particles. In addition, none of the current optical manipulation techniques has specifically been designed for manipulation of nano-particles on surfaces and interfaces, which is an essential problem in nanofabrication and nanotechnology.
On the other hand, strong temperature gradients may result in anisotropic diffusion of particles/molecules in a bulk medium. This effect is called thermophoresis [13, 14] . It is characterized by the preferred direction of diffusion from hot to cold regions. A similar effect can also be expected to occur for nano-particles/molecules on surfaces in the presence of temperature modulation. The particles/molecules should accumulate in the cold regions on the surface, which means the existence of a net gradient trapping force in the direction from the hot to cold regions. This diffusive trapping force is related to stronger random Brownian motion of particles in the hot regions. As a result, the probability for particles to escape the hot regions is larger than that for the cold regions. Therefore there 3 is a net translational momentum transferred to the particles from the hot to cold regions, originating from the lattice oscillations (phonons) in the substrate.
The aim of this letter is to demonstrate that random Brownian forces can be used for effective trapping and manipulation of nanoparticles and molecules on surfaces in the presence of strong temperature modulation. Substantial (~ 2 orders of magnitude) increase in the modulation of particle concentration (trapping efficiency) compared to thermophoresis in a bulk medium is predicted and analyzed. As a result, a new nanofabrication and manipulation technique for creating complex surface structures with nano-scale resolution below tens of nanometers is proposed and developed.
There is a fundamental difference between thermophoresis in a bulk medium [13, 14] and on a flat surface. This is because particles/molecules on the surface move in a periodic or random twodimensional potential due to their interaction with, for example, a periodic lattice of the substrate [15] [16] [17] [18] . As we will see below, this may result in modulation of particle/molecule concentration on the surface that is several orders of magnitude larger than that achievable in a bulk medium [13, 14] .
Thermophoresis on surfaces can thus be used as a new technique (that we will call thermal tweezers) for nanofabrication, manipulation and trapping of nanoparticles and molecules. Strong temperature gradients on the surface can be produced by the holographic approach, e.g., by interference of two or more laser pulses (Fig. 1) . Therefore, any interference pattern (holographic image) can be reproduced (recorded) by means of the resultant particle/molecule re-distribution on the surface. This opens new unique opportunities for parallel manipulation and fabrication with nano-scale (see below) resolution, using a large number of particles/molecules on large surface areas.
Contrary to the optical tweezers, the trapping efficiency in the thermal tweezers increases with decreasing size of the particles/molecules. This is because thermal tweezers use random Brownian motion as the primary source of the gradient trapping force, and such motion intensifies with decreasing size of the particles.
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To demonstrate the major effects and nanofabrication capabilities associated with thermal tweezers, we use the general and physically intuitive model based on the Markovian Langevin equation [15] [16] [17] [18] :
Here, m is the mass of the particle/molecule, r = ix + jy is its two-dimensional position vector on the surface. The particles are assumed to move in a periodic potential due to their interaction with the square crystal lattice of the substrate with the period a:
ξ r (t) is the random Brownian force resulting from the δ-correlated Gaussian thermal fluctuations:
γ is the effective coefficient of friction for the particle, k b is the Boltzmann constant, T(x) = T 0 + ∆Tcos 2 (πx/λ) is the temperature on the surface with the period λ along the x-axis and uniform along the y-axis.
Numerical solution of Eq. (1) for one particle/molecule gives the position of this particle after a specified time interval. Repeating this procedure for a large number of particles gives the probability density function ρ(x) that determines the probability dP = ρ(x)dx to find the particle/molecule within the interval dx. This function fully determines the distribution of particles on the surface after the specified time interval. It is assumed to be normalized by the condition:
. The initial position of each particle is chosen randomly within a λ × λ square with the periodic boundary conditions and the sides parallel to the x-and y-axes.
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The results are presented in Figs. 2 and 3 showing substantial re-distribution of particles/molecules on the surface. Fig. 2 demonstrates that increasing depth of the potential wells V 0 (Eq. (2)) results in a rapid increase of modulation of particle concentration by thermal tweezers. For example, the ratios of the maximal to minimal steady-state probability densities (i.e., the maximal to minimal particle concentrations) are equal to (71 ± 12), (6.6 ± 0.5), (2.18 ± 0.02
, and V 0 = 0, respectively (Fig. 2) . As indicated above, this is one of the major differences between the thermal tweezers and bulk thermophoresis [13, 14] (compare the thick solid curve in Fig. 2b with all other curves). Interestingly, this modulation enhancement is achieved without increasing gradient force that is determined by thermal phonons in the substrate. The enhancement occurs because of the additional suppression of diffusion in the cold regions (due to trapping in the wells with V 0 > k b T), which makes it even more difficult for the particles to leave these regions. On the other hand, the same mechanism also results in increasing relaxation time τ for the steady-state particle distribution to be reached (Fig. 2 ).
It has also been shown that if in Fig. 2a the coefficient of friction is increased 4 times (i.e., up to γ = 3.5×10 10 s -1 ), then the maximums of the probability density (in the cold regions) change only insignificantly from (14.7 ± 0.2) nm -1 for Fig. 2a to (13.9 ± 0.2) nm -1 for the 4 times larger friction. At the same time, ratio of the maximal to minimal steady-state probability densities reduce noticeably from (71 ± 12) to (49 ± 6), and the typical evolution times increase ~ 3 times. Fig. 3 shows that increasing temperature modulation results in a significant increase of the steady-state modulation of particle concentration on the surface and decrease of the relaxation time τ (for example, for the upper curves in Fig. 3 , τ = (118 ± 6) ns, (148 ± 8) ns, (270 ± 40) ns for ∆T = 400 K, 300 K, 200 K, respectively). This is because increasing ∆T results in increasing size of the hot regions, diffusion rate, and gradient trapping force. The relaxation in the cold regions takes substantially longer than in the hot regions (Fig. 3) . This is because diffusion rate in the hot regions is significantly higher.
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One of the important aspects of curves 4 and 5 in Fig. 2a is the existence of two maximums of the probability density on both sides of each cold region. These maxima may only occur in the nonsteady-state regime when the particles rapidly diffuse from the hot regions, but do not have enough time to reach the cold regions (because of much slower diffusion at lower temperatures). This effect increases with increasing friction and leads to a superresolution technique in thermal tweezers (Fig. 4) . modulation is applied to a uniform particle distribution on the surface with sufficiently deep potential wells to suppress diffusion in the cold areas. The resultant typical size distribution (after t = 200 ns) is shown in Fig. 4b . No noticeable diffusion has occurred in the cold regions, and two strong concentration maxima have emerged almost exactly in between the cold and hot regions (Fig. 4b) .
Shifting the interference pattern of the laser pulses by π, we interchange the hot and cold regions on the surface. Allowing the system to evolve for another 200 ns, results in effective diffusion of particles from the former cold (currently, hot) regions into the same maxima between the hot and cold regions (Fig. 4c) .
Reduce the background temperature T 0 , in order to increase the regions with suppressed diffusion. Shift the interference pattern further by ≈ π/2, so that the hot regions coincide with every second concentration maximum in Fig. 4c . Another 600 ns of evolution results in each such maximum splitting into two, while the maxima in the cold regions are left unchanged (Fig. 4d) . This results in three maxima (instead of one - Fig. 4a ) within one period of the temperature modulation λ = 316.4 nm (Fig. 4d) . The widths of these maxima are ~ 35 − 40 nm.
As a result, thermal tweezers with laser pulses in the visible range of spectrum can be used for nanofabrication of surface elements with dimensions of a few tens of nanometers. Further increase of the resolution can be achieved by illuminating a thin metal film from the dielectric substrate (Fig. 1b) .
This results in reducing period of the temperature modulation on the film surface, and thus increasing resolution proportionally to the refractive index of the substrate. In addition, interaction between the particles (i.e., their coagulation into clusters) should lead to a significant increase in height and sharpness of the concentration maxima in the cold regions. Indeed, once the particles coagulate, they become less mobile and form stationary potential wells for other particles, and this is much more likely to occur in the cold regions with larger particle concentration and smaller probability for thermal fragmentation of the clusters. Therefore, the results obtained in this paper are rather applicable at small surface concentrations of particles, while at large concentrations they only present lower estimates of the concentration modulation and spatial resolution.
It has also been assumed that the temperature modulation ∆T is time independent. In practice, this is usually not the case, and the temperature modulation typically lasts for a period of time that is of the order of the pulse duration (which should be in the picosecond or nanosecond range, to ensure the considered temperature modulations). Therefore, multiple pulse treatment could be required.
Thus, a new nanofabrication technique -thermal tweezers -has been proposed and described for parallel nanofabrication/manipulation (with the resolution as good as tens of nanometers or better) of any surface structures obtainable by the holographic approach using laser pulses in the visible range of frequencies. Combined with laser ablation and deposition, thermal tweezers may pave the way for new all-optical nanofabrication processes in nanotechnology and surface science. second maximums in (c)), and allowing the system to evolve for 600 ns.
